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Description 



The invention relates to a method and a circuit arrangement for the precise, 
dynamic, digital control of especially piezoelectric actuators for microposi- 
tioning systems, comprising a regulator, preferably a PID regulator, whereby, 
in order to minimise position order deviations, the future system behaviour is 
5 estimated and current correction signals for the purpose of feedforward cor- 
rection are obtained, according to the preamble clause of Claim 1 or 11, 
respectively. 



Feedforward control systems are known in the state of the art. 

10 

In PID regulators or PID algorithms, respectively, there will be a correction 
signal only, if a system deviation exists. This means that principally position 
order errors have to be assumed. A feedforward control is directed at mini- 
mising these position order errors. The future system behaviour is estimated 

15 by a feedforward control, and the current correction signals are set accord- 
ingly. The corrections are generally made by multiplying the necessary 
speeds with the speed feedforward gain factor. A similar method may be 
utilised in order to perform an acceleration feedforward correction. In this 
manner it is possible to reduce the position order error in acceleration and 

20 deceleration operations of, e. g. actuator systems. 

In accordance with DE 696 06 784 T2, feedforward control principles are 
e. g. employed in the positioning of a magnetoresistive head, for compensat- 
ing the acoustic feedback in a system for the active noise reduction in accor- 
25 dance with DE 195 05 610 Al, in the yaw control for rotary-wing aircraft in 
accordance with DE 692 05 173 T2 and in other fields of the art. 

Also known are positioning apparatuses with a positioning drive comprising 
especially a piezoceramic actuator, a position sensor, and a drive control 
30 means which at its input side is connected with a control signal input means 
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as well as in a closed loop with the position sensor for the positioning drive, 
which is adapted for the output of preshaped drive signals to the positioning 
drive. Such a known positioning apparatus in accordance with DE 199 23 462 
C2 comprises a controllable filter with variable filter coefficient, which is 
5 connected with a filter coefficient calculating unit via a control input, which 
is connected with the control signal input means via a first input and with at 
least with the position sensor via a second input and calculates in real time 
the current new filter coefficients from the input set position control signals 
as well as from the detected actual position signals. This positioning appara- 
10 tus is able to respond to changed system conditions in a particularly flexible 
manner. 

From studies originating from the applicant, it was found that feedforward 
systems in analog controllers, e. g. for the operation of piezoelectric actua- 
ls tors may essentially readily be realised. Difficulties will be encountered, 

however, if a digital controller is to be realised because the sampling opera- 
tion generates principal latency times which considerably limit the inherently 
given dynamic advantage of the feedforward loop. Furthermore, other wait- 
ing times, partially with variable lengths, exist in known digital control units 
20 so that primarily analog controllers have been relied on for highly dynamic 
applications. 

The known state of the art has hitherto not been able to combine the dynam- 
ics of fast piezoelectric actuators with the advantages of digital systems, 
25 such as higher precision, repeatability, exchangeability, and flexibility. 

Based on the above, it is therefore the object of the invention to specify a 
method and a circuit arrangement for the precise, dynamic, digital control of 
especially piezoelectric actuators for micropositioning systems without essen- 
30 tial restrictions existing with respect to the highly dynamic control require- 
ments to be met be by the system. 



The solution of the object of the invention in terms of method is effected by 
a teaching according to the definition of Claim 1, and in terms of the circuit 
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arrangement by the combined features according to Claim 11, with the de- 
pendent claims at least representing useful embodiments and developments. 

The basic idea of the invention is to provide a quasi second signal path 
5 which is independent of the sampling control loop proper. This allows the 
realisation of a fast digital feedforward control by bypassing the actual sam- 
pling system. In other words, the latency time in the feedforward loop of the 
sampling system can be reduced in that primarily via the command variable, 
the feedforward loop and a fast digital/analog converter the piezoelectric 
10 actuator is controlled, and secondarily the controlled system with position 
sensor is operated in a subordinate manner in order to avoid static errors. 

The method and the circuit arrangement according to the invention permit to 
specify a digital, single or multi-axis high-speed control of piezoelectric ac- 
15 tuators, with the circuit engineering expenditure being moderate and with 
the advantageous possibility of effecting changes of the filter properties in 
the circuit arrangement by a program-related specification of various pa- 
rameters so that also a customised optimisation to the relevant application 
task becomes possible. 

20 

For the reduction of the latency times in the feedforward loop of the samp- 
ling system, the signal of the command variable is led to the above men- 
tioned digital/analog converter of maximum resolution by means of a digital 
interface via a switchable bypass, with this digital/analog converter to be 
25 operated with the sampling rate of the sampling system. 

The feedforward loop further leads to a second fast digital/analog converter 
which is controlled independent of the sampling system. The control voltages 
representing output signals of the converters are then supplied in an added- 
30 up form to the device to be controlled, in particular to the piezoelectric ac- 
tuator which together with a position sensor forms the controlled system 
proper. 

In addition, there is the possibility of effecting weighting and/or filtering of 
35 the signals supplied to the fast digital/analog converter. 



4 



The same command variable may be applied to both the fast first digital/ 
analog converter of the controlled system and the high-resolution second 
digital/analog converter. The second digital/analog converter is consequently 
5 optimised to the control properties, in particular to the highest resolution, 
with the first digital/analog converter being directed to the shortest possible 
latency time, and the control of this fast converter being operated independ- 
ent of the sampling system, so that no jitter occurs. 

10 The optional weighting and/or filtering of the signals supplied to the fast 
converter may be performed dependent on the system properties. 

It is also the purpose of the invention to perform a linearisation of the con- 
trolled system in order to prevent systematic errors in the signal paths. For 
15 the purpose of reducing potential system resonances, in one embodiment of 
the invention a specific pre-distortion of control voltages and/or an arrange- 
ment of band elimination filters may be provided. 

Switching means and/or control commands permit to supply command vari- 
20 able changes both to the first fast digital/analog converter, the second, high- 
precision converter or to both converters. Various command variables may 
selectively be fetched via further switching means. 

Filter and/or weighting functions for the command variable of the controlled 
25 system may be activated via the switching means. 

In lieu of two discrete converters, each of which being optimised to the de- 
sired properties, there is also the possibility to employ a single digital/analog 
converter which has switchable or optimised functionalities with respect to 
30 resolution or speed, respectively. 

In the basic principle of the circuit arrangement for the precise, dynamic, 
digital control of especially piezoelectric actuators for micropositioning sys- 
tems, the command variable input is applied to a feedforward control loop 
35 and a comparator via a digital interface. The digital interface is preferably 
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suited for the parallel data transfer and designed as PIO (parallel input- 
output). 

The digital output signal of the position sensor sampling controlled system is 
5 applied to the comparator input of the comparator. 

The comparator output is connected with an adder, to the other input of 
which the feedforward control loop is connected. 

10 Ultimately, the output of the adder leads to a digital/analog converter which 
provides the control signal for the actuator, especially the piezoelectric ac- 
tuator, at its output. 

Alternatively, the comparator output may lead to the input of a high-resol- 
15 ution digital/analog converter whose output is connected with the first input 
of the adder, and the feedforward control loop may lead to the input of a 
fast digital/analog converter whose output is connected with the second 
input of the adder in order to primarily control the actuator via the command 
variable, the feedforward loop, and the fast digital/analog converter and to 
20 secondarily operate the controlled system with position sensor in a subordin- 
ate manner in order to avoid static errors. 

In a further embodiment of the invention, an adjustable notch filter may be 
provided between a power amplifier for controlling the piezoelectric actuator 
25 and the output of the adder, which may optionally also be bridged. 

The inventive circuit arrangement thus consists of the assemblies for detect- 
ing the sensor positions, the assembly for the digital sensor signal process- 
ing by means of a DSP (digital signal processor), the piezoelectric actuator 
30 including the above described D/A converters, and a digital, in particular, 
PIO interface. 

In an embodiment of the invention the first fast digital/analog converter is 
selected as a 16-bit converter and the high-resolution converter as one with 
35 20-bit resolution. The fast converter may directly be controlled via the PIO 
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interface, with another serial interface being provided for controlling the 
high-resolution converter. 

The position detection of the piezoelectric actuator is based on a sensor 
5 arrangement which converts the mechanical movement or the mechanical 
position, respectively, into analog voltages. Normally, the obtained analog 
voltage is proportional to the changes of position. An analog/digital con- 
verter converts the analog voltages into a digital signal which will be sub- 
jected to a lowpass filtering and a linearisation, if required, and then be 
10 applied to the comparing input of the comparator, which results in a feed- 
back loop. 

All in all, the present invention is able to specify a method and a novel cir- 
cuit arrangement for the precise, dynamic, digital control of especially piezo- 

15 electric actuators for micropositioning systems which realise minimum la- 
tency times ranging from 2 to 5 ps, so that the dynamics of fast piezoelectric 
actuators is compatible with the desired digital control. Due to the fact that 
the command variable primarily functions as a control mechanism the major 
taks of the control is to reduce the inevitable static error. Because of a vari- 

20 able command structure, any change in the command variable may be led 
either to the fast digital/analog converter, the high-resolution converter, or 
the servo-control, respectively, but also to both signal paths. 

The invention will be described in more detail by means of an embodiment as 
25 well as with reference to figures in which: 

Fig. 1 is a principal illustration of the basic functions of the 
circuit arrangement - sampled - unsampled; and 

30 Fig. 2 is a detailed illustration of the circuit arrangement 

with two special digital/analog converters which are 
optimised with respect to their functions. 

According to Fig. 1, a feedforward loop 1 and a controlled system 2 are as- 
35 sumed. 
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The controlled system 2 includes the system 3 to be controlled, e. g. a pie- 
zoelectric actuator, and further comprises a travel sensor 4. Associated with 
the controlled system 2 is an analog/digital converter 5 which is connected 
5 with the output side of the travel sensor 4. 

This analog/digital converter 5 leads to an input of a comparator 6 whose 
output leads to the first input of an adder 8 via an optional servo filter 7. 
The output signal of the feedforward loop or of a feedforward filter, respec- 
10 tively, is applied to the second input of this adder 8. 

The output of the adder 8 leads to a universal digital/analog converter 9 
which may be operated both with high resolution and highly dynamic. This 
universal digital/analog converter 9 then provides the analog output signal 
15 for the piezoelectric actuator 3. For driving the piezoelectric actuator 3 suit- 
able amplifiers are of course required which, for the sake of simplicity, are 
not shown in Fig. 1. 

According to the more detailed illustration of the circuit arrangement in Fig. 
20 2 the input 10 of the command variable is communicating via switch means 
11 both with the feedforward loop 1 and via an input filter 12 with the con- 
trolled system. The input 10 of the command variable may here be config- 
ured as a digital interface, namely in a PIO and serial interface configura- 
tion, e. g. an RS 232 interface. 

25 

At the output side the feedforward loop 1 is led to a first fast digital/analog 
converter 13 whose output leads to the second input of the comparator 8. 
The controlled system, i. e. the output of the servo filter 7, in turn leads to 
the input of a high-resolution digital/analog converter 14 whose output is 
30 applied to the first input of the comparator 8. For the selective application of 
the digital input of the converter 14, too, a switch means 15 is provided. 

At the output of the comparator 8 a tunable notch filter 16 is arranged which 
in turn communicates with an amplifier 17 whose output leads to a PZT ele- 
35 ment which is not illustrated, i. e. to a piezoelectric actuator. 
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The travel sensor 4 leads to a signal processing unit 18 via a corresponding 
input, downstream of which a bandpass filter 19 and the analog/digital con- 
verter 5 are arranged. The digital signal processing unit of the controlled 
5 system comprises a further bandpass filter 20 and an arrangement 21 for the 
linearisation of the sensor signals. The output of this unit 21 communicates 
with the comparing input of the comparator 6, and additionally provides a 
sensor monitoring signal to a dedicated output 22. 

10 The above circuit arrangement which has been described with reference to 
the figures is able to apply one and the same command variable both to the 
first fast digital/ analog converter of the controlled system and to the second 
high-resolution digital/analog converter of the controlled system, whereby a 
linearisation of the controlled system may be effected in order to avoid sys- 

15 tematic errors in the signal paths. 

The circuit arrangement may be operated in such a manner, that the control 
of the piezoelectric actuator is primarily effected via the command variable, 
feedforward loop, and the first fast digital/analog converter, while secondar- 
20 ily the controlled system with position sensor is operated in a subordinate 
manner in order to avoid static errors. 

In the illustration according to Fig. 1 it is assumed that one single digi- 
tal/analog converter is employed which, e. g. in a switchable manner, pro- 
25 vides various functionalities with respect to the required resolution and 
speed. 
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List of Reference Numerals 



1 Feedforward loop 

2 Controlled system 

5 3 Piezoelectric actuator 

4 Travel sensor 

5 Analog/digital converter 

6 Comparator 

7 Servo filter 
10 8 Adder 

9 Universal digital/analog converter 

10 Command variable input 

11 Switch means 

12 Input filter 

15 13 Fast digital/analog converter 

14 High-resolution digital/analog converter 

15 Switch means 

16 Tunable notch filter 

17 PZT amplifier 

20 18 Analog sensor signal processing unit 
19; 20 Bandpass filter 

21 Means for sensor signal linearisation 

22 Sensor monitoring output 



